Scalable Semitransparent Prototype Organic Photovoltaic
Module with Minimal Resistance Loss
Xinjing Huang!, Dejiu Fan?, and Stephen R. Forrest!"?
1.Applied Physics Program,
2. Department of Electrical Engineering and Computer Science,
3. Department of Physics, Department of Material Science and Engineering

University of Michigan, Ann Arbor, MI, 48109 United States

Abstract

Semi-transparent organic photovoltaic (ST-OPV) cells are regarded as an attractive
solution to building-integrated solar energy harvesting. Both the power conversion efficiency
(PCE) and average photopic transmission (4P7T) of ST-OPVs have shown substantial increases
in recent years. However, less attention has been paid to the area scaling of ST-OPV cells. In
this work, we investigate the scalability of ST-OPV cells from 4 mm? to 1 cm?, as well as 9
cm? active area prototype module. By integrating both top and bottom metal grids onto the
transparent electrodes, the series resistance loss of 1 cm? ST-OPV cell is significantly reduced,
and is comparable to that of the grid-free 4 mm? cell. Nine 1 cm? cells are then connected in a
series-parallel circuit to realize a prototype ST-OPV module. A 100% fabrication yield with
only 5% PCE deviation among discrete cells is achieved. The semitransparent module shows
PCE =17.2 +0.1% under simulated AM 1.5G illumination at 1 sun intensity, which exhibits no
connection resistance loss compared to that of the individual cells. The ST-OPV module

exhibits an APT = 38.1 + 1.1%, which enables a light utilization efficiency, LUE = 2.74 +



0.09%. The method demonstrates a promising way for ST-OPV modules to scale without

compromising performance.



Introduction

Building integrated photovoltaics (BIPV) that employ transparent solar cells on window
panes provide a space-efficient and attractive solution to solar energy harvesting.!”> Unlike
conventional inorganic semiconductors, organic semiconductors have relatively narrow
excitonic absorption spectra that allow for organic photovoltaics (OPV) featuring transparency
across visible spectrum, while selectively absorbing in the near-infrared (NIR).%8 In this regard,
OPVs are an attractive BIPV technology that can simultaneously achieve a high power
conversion efficiency (PCE) along with a high average photopic transmission (4P7). Over the
past few years, OPVs have been demonstrated with impressive PCE and exceptional intrinsic

stability.”!3

Furthermore, with the development of NIR-absorbing materials and optical
structures, semitransparent OPVs (ST-OPVs) have realized remarkable improvements in light
utilization efficiency (LUE = PCE x APT) up to 5.0%.'%2? Starting from this promising
performance, an estimated cost of 0.47 - 1.6 $/W, has been reported,>> which motivates
practical and widespread deployment of ST-OPVs in BIPV applications.

It remains questionable, however, whether these highly efficient laboratory-scale, small-
area ST-OPVs can maintain their performance when translated to larger modules. To date,
research on OPV modules has primarily focused on multi-junction strategies and improved

material design in opaque devices,**?

while less attention has been paid to the scalability of
ST-OPVs.263* Compared to opaque OPVs with one thick, highly conductive metal electrode,

ST-OPVs require both electrodes to be transparent, which doubles the overall series resistance

loss, and significantly limits their scalability. Moreover, the narrow energy gaps of NIR-



absorbing materials required in ST-OPVs result in a low open-circuit voltage (Voc), which
worsens series resistance losses by reducing the fill factor (FF) and, ultimately, the PCE %%
Here, we demonstrate a scalable ST-OPV prototype module with a negligible compromise
of efficiency from series resistance losses. The ST-OPVs employ bulk heterojunction (BHJ)
based on a low energy gap polymer donor, poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)benzo[ 1,2-b:4,5-b"]dithiophene-co-3-fluorothieno[3,4-b]thio-phene-2-carboxylate] (PCE-
10), combined with a NIR absorbing acceptor, (4,4,10,10-tetrakis(4-hexylphenyl)-5,11-(2-
ethylhexyloxy)-4,10-dihydro-dithienyl[1,2-b:4,5b"]benzodi-thiophene-2,8-diyl)bis-
(2-(3-0x0-2,3-dihydroinden-5,6-dichloro-1-ylidene)-malononitrile) (BT-CIC).® As the active
area of the cells scale from 4 mm? to 1 cm?, the sheet resistance of the indium tin oxide (ITO)
cathode and the thin, semitransparent Ag anode dominates the specific series resistance (RsA),
which reduces the FF' and PCE. By employing finely patterned metal grids on the two
transparent electrodes,’®#° the series resistance loss of 1 cm? device is significantly reduced,
leading to an improved PCE close to that of a 4 mm? device. Based on these findings, nine 1
cm? ST-OPV devices are integrated into a prototype module and connected in a series-parallel
circuit configuration?* with a geometric fill factor (GFF) of 65%. A 100% fabrication yield
with cell-to-cell PCE variation of < 5% is achieved. The module performance shows no loss
from connection resistance compared to the discrete cells. Combined with an optimized visible
light outcoupling (OC) structure, the ST-OPV module exhibits LUE = 2.74 + 0.09% with APT

=38.1+1.1% and PCE = 7.2 £ 0.1% under simulated AM 1.5G illumination at 1 sun intensity.

With the combination of NIR absorbing BHJ, OC structure and minimized resistance loss in



module construction, this is a significant improvement over previous reported ST-OPV module
perfromance.?34
Results and Discussion

Figure 1 shows a schematic illustration of the 1 cm? ST-OPV structure, which employs a
80 nm PCE-10:BT-CIC (1:1.5 w/w) BHJ, with 30 nm thick ZnO and 20 nm thick MoOy as
electron and hole transporting layers, respectively. To investigate the resistance loss from the
bottom ITO cathode with area scaling, we fabricated opaque OPV devices with 100 nm thick
top Ag anode. The current density-voltage (J-V) characteristics are shown in Fig. 2(a), with
detailed performance parameters listed in Table 1. The 4 mm? opaque device (red line with
squares) has Rs4 = 1.5 £ 0.1 Qecm?, however, the Rs4 increases to 15.4 + 0.5 Qecm? as the
active area increases to 1 cm? (blue line with circles) due to the 15 /sq large sheet resistance
of ITO, which results in a significant decrease in FF from 0.69 +0.01 to 0.39 £ 0.03. To reduce
the RsA from ITO, we integrate a 500 nm thick Au surrounding and 50 nm thick Au grids onto
the ITO cathode, as shown for the bottom electrode in Fig. 1. The nearly invisible grids are
patterned into 20 pm wide stripes with 400 pm separation via photolithography (see
Experimental for details). The grids reduce Rs4 of the 1 cm? opaque device (yellow line with
triangles) to 3.1 + 0.4 Qecm?, leading to FF = 0.65 + 0.01. Although the short-circuit current
density (Jsc) is decreased from 23.1 + 0.7 mA/cm? to 22.0 + 0.4 mA/cm? because the Au grids
partially block the light incident on the photoactive region, a significant increase in PCE from
5.9+0.3% to 10.0 + 0.2% is realized.

The 1 cm? ST-OPV devices with a 16 nm thick, semitransparent Ag anode was fabricated,

with J-V characteristics shown in Fig. 2(b) and parameters listed in Table I. Compared to 4



mm? devices (red line with squares) with Rs4 = 1.8 + 0.1 Qecm?, the 1 cm? ST-OPV with
integrated bottom electrode (blue line with circles) shows Rs4 = 9.5 + 0.3 Qecm?, indicating
that the resistance is mainly due to the ultrathin Ag anode which has sheet resistance of 6 {/sq.
As illustrated in Fig. 1, we deposited a layer of 100 nm thick Ag top grids with 20 pm grid
width and 600 um separation patterned using a 25 um thick Kapton shadow mask. Compared
to conventional metal shadow mask, the thin Kapton mask allows for ultrafine resolution
patterning. The fabrication flow of the Kapton shadow mask is illustrated in Experimental
section. The reflection from the 100 nm Ag grids provides a slight increase in the Jsc of 1 cm?
ST-OPV from 16.2+0.3 mA/cm? to 16.5 + 0.1 mA/cm?. The RsA4 of the 1 cm? ST-OPV (yellow
line with triangles) is reduced to 4.3 + 0.2 Qecm?, which leads to an increase in FF from 0.57
+0.01 to 0.65 £ 0.01, and the PCE from 6.3 £ 0.2% to 7.3 = 0.1%.

The 1 cm? ST-OPV shown in Fig. 1 combines the bottom and top grid electrodes with the
4-layer OC structure comprising ZnS (30 nm)/MgF> (100 nm)/4,4'-Bis(N-carbazolyl)-1,1'-
biphenyl (CBP) (90 nm)/MgF> (10 nm) at the top surface to improve visible transmission. The
integration of grids on both electrodes occupies 7% of the device active area and blocks the
view directly behind the grids. Figures 2(c) and (d) show the J-V characteristics and external
quantum efficiency (EQE) spectra of the 1 cm? ST-OPV with and without the OC structure,
and the detailed parameters are provided in Table I. The transmission and reflection spectra of
the ST-OPV stack with and without the OC layers are plotted in Fig. 2(e). The OC structure
significantly increases the transmission of ST-OPV in the visible, which results in an improved

APT from 20.0 £ 1.0% to 38.1 + 1.1%, while PCE = 7.3 + 0.1% is maintained.



We then fabricated a small prototype module comprising nine, 1 cm? ST-OPVs cells with
both grids and OC structures. As shown in Fig. 3, three discrete cells are series connected with
a 0.3 cm interconnection distance to form a column, while three columns are separated by 0.25
cm, and are connected in parallel with the contact electrodes to construct the module. This
design has a GFF = 65%, which is limited by the width of bottom electrode Au surrounding
bar, and the use of mechanical scribing to pattern the heterojunction layers. By increasing the
Au side bar thickness, the width can be narrowed without affecting performance. Mechanical
scribing can also be replaced with higher resolution laser scribing to further improve the GFF.*!

The fabrication yield of discrete cells is 100%. Under 1 sun illumination, the nine
individual cells exhibit short-circuit currents of Isc = 16.8 + 0.1 mA, Voc=0.67 +0.01 V, FF
=0.63 = 0.01. All the parameters have cell-to-cell variations of < 5%. The PCE of the discrete
cells ranges within 7.2 £ 0.2%, as shown in Fig. 4(a). Figure 4(b) shows the current-voltage (/-
V) characteristics of a discrete cell and the module, with detailed parameters shown in Table I.
We obtain a module output power of 65 + 3 mW under simulated AM 1.5G at 1 sun intensity,
with Isc=51.1 £ 1.0 mA, Voc=2.00+ 0.01 V and FF =0.63 £ 0.01, corresponding to PCE =
7.2 = 0.1% in reference to the active area of the prototype module. The module Voc is 0.5%
less than the sum of the Voc of three individual cells, while Isc is within 1.5% deviation from
the sum of three individual cells. Also, FF is the same as for the discrete cells, indicating that
the resistance losses from electrodes and interconnections are minimal due to the metal girds
and circuit layout. Combined with the optimized transmission APT = 38.1 + 1.1 %, we obtain
a module LUE = 2.74 = 0.09 %. A photograph of the ST-OPV module is shown in the inset of

Fig. 4(b).



Note that here we only report on a prototype module as a means to study the effect of
scaling on resistance. Our results indicate that if high resolution electrode patterning is used,
the GFF can approach unity, in which case the reported PCE = 7.2 + 0.1% would also be
achieved in a practical module. Furthermore, note that the ST-OPV module overcomes the
efficiency loss from connection resistance as more cells are connected even in opaque OPV
modules.*!*? Our result suggests that with the foregoing fabrication process, ST-OPV modules
with increased number of columns and rows can have an increased Voc and Isc without

degradation of either FF or PCE.

Conclusion

We investigated the effect of series resistance loss on the scalability of ST-OPV devices.
Compared to 4 mm? devices, the dominant contribution from ITO cathode and ultrathin Ag
anode sheet resistance results in a significantly increased resistive loss in 1 cm? ST-OPV cells.
By integrating Au grids onto the cathode and Ag grids onto the anode, the RsA4 is reduced such
that the PCE loss is negligible. Furthermore, with the application of a series-parallel circuit
layout, we demonstrated a 9 cm? active area, prototype ST-OPV module with 100% discrete
cell yield and a PCE variation within 5% across the module. The ST-OPV module exhibits
PCE = 7.2 + 0.1%, which has no loss compared to discrete cells performance, APT = 38.1 +
1.1%, and LUE = 2.74 £+ 0.09%. This demonstration provides a promising path for ST-OPV

modules to achieve unlimited scalability with uncompromised module performance.



Experimental
Materials

All materials were purchased from vendors: PCE-10 and BT-CIC from 1-Material Inc.
(Quebec, Canada), MoO3 was from Acros Organics (NJ, USA), Ag from Alfa Aesar (MA,
USA), MgF> and ZnS from Kurt J. Lesker Corp. (PA, USA) and CBP from Luminescence
Technology Corp. (Taiwan).
Au grids/ITO cathode fabrication

Glass substrates were cleaned with detergent and solvents before deposition. A 150 nm
thick ITO layer was sputter-deposited at 1.72 A/s in a high vacuum chamber (base pressure
~1077 Torr) and thermally annealed at 400 °C for 5 min in forming gas (5% Hx + 95% N»). The
ITO was photolithographically patterned and wet etched using HCI:H>O (3:1) to define the
square shaped cathode. The Au surrounding bars (0.5 mm wide, 200 nm thick on a pre-
deposited 10 nm thick Ti adhesion layer) are photolithographically patterned along three edges
of the ITO cathode, and Au grids (20 um wide, 400 um separation, 45 nm thick with a 5 nm
thick Ti adhesion layer) are patterned across the entire cathode. All Au and Ti layers were
deposited via electron-beam evaporation at 5 A/s. For the module, nine cathode squares were
patterned into 3 columns and 3 rows.
Kapton shadow mask preparation

As described in Fig. 5, a 25 um thick E-type Kapton foil is coated with 10 nm thick Ti/500
nm Al using electron-beam evaporation. A 100 um thick PDMS (Sylgard 184, base-to-curing

agent weight ratio = 10: 1) membrane is spun at 800 rpm on a 10 cm diameter Si handle and



cured at 100 °C for 3 h. The Kapton foil with Al layer facing up is then attached to the PDMS
membrane to eliminate curling. The top grid pattern (20 pm wide, 600 um separation) is
photolithographically defined on the foil. The foil is etched using Cl> plasma (H2:Cly:Ar =
12:9:5 sccm, 10 mTorr chamber pressure, 500 W inductively coupled plasma (ICP) power, 100
W forward power for 1 min) to remove the Ti and Al layers and expose the Kapton. The 25
um Kapton foil is then etched through using O: plasma (O2 = 20 sccm, 6 mTorr chamber
pressure, 500 W ICP power, 100 W forward power for 40 min). Finally, the Kapton foil is
detached from the PDMS membrane and soaked in buffered HF for 6 min to remove the
remaining Al and Ti.
Device fabrication and characterization

Glass substrates with a patterned cathode (ITO or Au/ITO) were cleaned using detergent
and solvents followed by UV ozone exposure for 15 min before growth. The ZnO precursor
solution was spin-coated onto the substrate at 3000 rpm and baked at 160 °C in air for 30 min.
The PCE-10:BT-CIC solution was prepared in chlorobenzene with 10% chloroform at a
concentration of 16 mg/mL and stirred overnight at 65 °C, 350 rpm. After filtering through a
0.45 um polytetrafluoroethylene filter, the solution was spin-coated at 2000 rpm on top of ZnO
layer in ultrapure N> (O2 < 0.1 ppm, H2O < 0.1 ppm). Then the samples were transferred into
a high vacuum chamber (base pressure ~1077 Torr) for thermal evaporation of 20 nm thick
MoOx at 0.2 A/s. For 1 cm? devices, the MoOx layer was deposited through a shadow mask.
For the module fabrication, after MoOx deposition, the ZnO, BHJ and MoOy layers were
mechanically scribed into nine units based on the cathode pattern to separate devices and

expose one edge of each cathode for series connection. Then 16 nm thick Ag was thermally
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evaporated at 0.1 A/s (100 nm Ag at 0.1-0.6 A/s, for opaque devices) through a shadow mask
followed by 100 nm Ag grid deposition at 0.1-0.6 A/s through the Kapton shadow mask to
construct the anode. The anode has a 1 cm? overlap with the cathode pattern to define the unit
device area and to connect the unit cells in series along a column. The outcoupling structure
was thermally evaporated in a high vacuum chamber (base pressure ~1077 Torr) at 0.5 A/s for
each layer.

The current density-voltage (J-V) characteristics and external quantum efficiency (EQE)
of 4 mm? and 1 cm? devices were measured in a glovebox filled with ultrapure nitrogen (02 <
0.1 ppm, H>O < 0.1 ppm). The specific series resistance is fitted then from the linear region of
dark J-V curve. Light from a Xe lamp was filtered to achieve a simulated AM 1.5G spectrum
(American Society for Testing and Materials, ASTM G173-03) whose | sun intensity was
calibrated by a National Renewable Energy Laboratory certified Si reference cell to measure
illuminated J-V characteristics. The EQE measurements were performed with a 200 Hz-
chopped, monochromated and focused beam from a Xe lamp, the beam is focused to underfill
the device area, for the devices with grids the beam can underfill the device area between grids.
The current-voltage characteristics of 9 cm? active area module were measured in air using a
solar simulator with a 1000 W Xe lamp with an AM 1.5G filter (Oriel Instruments, Model
91191) whose 1 sun intensity was calibrated by a Si reference cell. The transmission spectra
were measured using UV-vis spectrometer (Perkin-Elmer 1050). The reflection spectra were
measured using an F20 Filmetric thin film measurement instrument integrated with a
spectrometer and a light source from 395 nm to 1032 nm.

The average photopic transmission (4PT) is calculated using the formula:!#!1543

11



where A is wavelength, 7 is the transmission, P is the photopic spectral response of human eyes,
and S is the AM 1.5G solar irradiance, which is the incident light spectrum of a solar cell. APT
has also been referred to as average visible transmission (AVT).>!71844-48 However, AVT is

also understood as the average transmittance in the visible region.!®274%30 Hence, APT as

_ [TP)S(A)dA
 [P)S(M)dA

defined about eliminates that ambiguity.
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Table I. 4 mm?, 1 ¢cm? PCE-10:BT-CIC OPV and 9 cm? mini-module performance under

simulated AM 1.5G illumination at 1 sun intensity

Device Jsc (mA/em?) Voc (V) FF PCE(%) Rsd (Qvcm?)  APT (%)
Opaque
4 mm? 235408 0.69+0.01 069001 112404  15=0.1 i
1 cm? 231407 0694001 039+0.03 5903 154405 i
L om? ;Vr/i(l;‘)ttom 220+ 0.4 0.69+001 065001 100202  3.1+04 i
Semitransparent (ST)
4 mm? 17.540.6 0684001 069+001 82+03  1.8+0.1 i
I em? w/ bottom 162403 0.68+0.01 0.57£001 6302  9.5=0.3 i

grid
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1 cm? w/ bottom

! 16.5+0.1 0.68+0.01 065001 73401  43+02  20.0+1.0
and top grids
- .

I em*” w/ both grids 16.3+02 0.68+£0.01 0.66+001 73=0.1 i 3814 1.1

and OC

ST Module
1 em? discrete cell 16.8 %03 0.67+001 063001 72402 i 3814 1.1
57201

module 2004001 063001 72+0.1 i 3814 1.1

(ISC= 51.1+£1.0 mA)
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Figure Captions
Figure 1. Schematic of the 1 cm? semitransparent organic photovoltaic (ST-OPV)
device structure composed of electrodes with integrated grids, heterojunction and

optical outcoupling (OC) layers.

Figure 2. (a) Current density-voltage (J-V) characteristics of 4 mm? (red, square),
1 cm? (blue, circle). and 1 cm? cathode with grids (yellow, triangle) OPV devices. (b)
J-V characteristics of 4 mm? (red, square), 1 cm? (blue, circle) and 1 cm? anode with
grids (yellow, triangle) ST-OPV devices. (c) J-V characteristics and (d) external
quantum efficiency (EQE) spectra of 1 ¢cm? ST-OPV cells with (blue, circle) and
without (red, square) the OC structure. (¢) Transmission the reflection spectra of the

ST-OPV stack with (blue, circle) and without (red, square) the OC structure.

Figure 3. Schematic of the series-parallel connected module design.

Figure 4. (a) Power conversion efficiencies of the separate unit cells across the
module. (b) Current-voltage (/-V) characteristics of a discrete cell (black, circle) and
the module (red, square) under simulated 1 sun illumination. Inset: Photograph of the

ST-OPV module.

Figure 5. Fabrication flow of Kapton shadow mask for top electrode grids

patterning.
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